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Introduction
The issue of pitting corrosion has been a challenge for decades in the context of wide application of high alloy steels and alloys in different segments of industry. The main research trends in this field are the development of new materials and testing methods, studies of the industrial materials' behavior in various mediums, and simulation of pitting formation.
Creation of a new class of multilayer metallic materials with internal protector can be the solution to the problem of protection against pitting [1, 2] . Such materials contain layers that have different electrochemical potentials and form short-circuited galvanic elements. This architecture fundamentally changes the process of corrosion and extends the material's operating life. The kinetics of the multilayer metallic material's corrosive destruction and the mechanism of the internal protector's action require further study.
Application of new materials is impossible without the development of reliable methods of accelerated corrosion tests, adapted to the given architecture.
The existing methods of accelerated corrosion tests determining the resistance against pitting [3, 4, 5] estimate the corrosion rate of monometallic materials. According to GOST 9.912-89 and ASTM G48-11, the stability of steels and alloys is evaluated using the chemical method, which consists in determining the mass corrosion index. A sample is placed in a thermostatically controlled vessel with 6% FeCl 3 $6H 2 O solution for a specified time. After the soaking and removing the corrosion products, the average conditional rate of pitting corrosion in terms of mass loss is weighed and calculated. According to GOST 9.912-89, the electrochemical tests imply determination of the pitting resistance when measuring the free corrosion potential. The basic and additional bases of pitting resistance are calculated.
In addition to the standard test methods, private methods have been developed and patented. To identify the propensity of steels and non-ferrous metals to pitting corrosion, they use electrochemical methods that differ in the electrical circuit, composition of the electrolyte, and number of electrodes [6, 7, 8] . In [9] , a method for the computerized image processing of the investigated surface in the initial state and after exposure to the medium with a subsequent analysis of the pitting growth dynamics was developed for the purpose of modeling and forecasting. The measured index is the perimeter, along which the equivalent diameter is determined, and then, with a known wall thickness, the time of the item's safe operation is calculated. In [10, 11] , the methods based on the surface 3D metrology for studying and predicting the pitting corrosion were proposed to determine the rate of the pitting increase in linear dimensions and depth.
The [12] considers a method that made it possible to reveal the presence of a limited zone of the internal protector's protective action. At the same time, it does not allow evaluation of the kinetic regularities and quantitative estimation of the corrosion rate for each layer separately by the gravimetric method.
The authors of the article propose the methods of accelerated corrosion tests of multilayer metallic materials, designed to calculate quantitative indicators.
The purpose of this work is to study the specific features of the corrosion mechanism in a new class of multilayer metallic materials with internal protector and to develop methods of accelerated corrosion tests for them.
Theory
This engineering approach is based on a multilayer material comprised of the components with different electrochemical potentials; these components transform the corrosion processes upon transition from one layer to another. The corrosion damage is transformed from pitting corrosion in the upper layer into contact corrosion of the sacrificial layer. In case of unilateral impact of aggressive medium, four-and threelayer compositions are used. In case of items operating under high internal or external loads and pressures, four-layer compositions are used (Fig. 1a) . The first three layers provide corrosion protection of material, and the fourth layer is for mechanical strength. If the material is not exposed to significant loads, three-layer compositions are used. In this case, the thickness of the third layer is determined by the strength calculation (Fig. 1b) [13, 14, 15, 16] .
When a multilayer material contacts with corrosive medium, the first layer is destroyed. Under certain conditions, there occurs pit nucleation and growth in the external layer.
When the first pitting reaches the middle layer, a short-circuited galvanic element is formed, in which the second layer material acts as an anode. After that, it is the second layer that is exposed to corrosion damage, providing galvanic protection of the first and third layers. In this case, the pitting growth rate decreases since the pitting surface potential becomes negative. Herewith, on the pitting surface, instead of metal dissolution, there occur reactions determined by the medium composition. In general case:
Ox zþ þ ze ¼ Red; in particular, hydrogen evolution or oxygen reduction: 2H
e in neutral and alkaline medium. On the surface of the second protecting layer, metal dissolution starts: M 0 ¼ M þz þ ze. During simultaneous contact of the first, second, and third layer with corrosive medium, the protector's action will extend both to the first and third layers.
The internal protector's functioning mechanism and radius of the protecting action are determined by the effectiveness of the formed galvanic element, namely [17, 18] : 1) the electromotive force (EMF) determined by the difference in the electrochemical potentials of the materials of the first and second layers;
2) the corrosion current that depends on the EMF and composition of corrosive medium inside the pitting.
The composition of corrosive medium inside the pitting can differ significantly from the composition of corrosive medium surrounding the multilayer material.
Generally, the rate of aforementioned reactions can be described as follows [19] : 1 e layer with high electrochemical potential, exposed mainly to pitting corrosion; 2 e layer with low electrochemical potential ("sacrificial layer" e internal protector); 3 e layer with high electrochemical potential; 4 e layer providing mechanical strength. is the molar concentration of an oxidizer, p is the reaction order with respect to the ions of oxidizer, a and b are the transfer coefficients of cathodic and anodic reactions, respectively, E is the compromise potential of the "first layeresecond layer" system, R is the universal gas constant, T is the absolute temperature.
In case of short-circuited galvanic element, the cathodic current (I s ) equals to the anodic current (I a ):
S a is the surface area of protector, S c is the cathodic surface area.
Combined solution of Eqs. (1), (2), and (3), with consideration that the potentials of protector and metal of the pitting are equal, results in the following equation:
From the Eq. (4) it follows that the ratio of the surface areas of protector and cathodic surface depends on the concentration of depolarizer, the ratio of the rate constants of cathodic and anodic reactions and compromise potential E which is between stationary potentials of the external layer's material (E ex ) and the protector's material (E pr )
in the considered solution [17, 18, 19] . The more negative the stationary potential of protector is, the higher the ratio of surface areas of cathodic surface (S s ) and protector
Analysis of the Eq. (4) also makes it possible to assume that the radius of the protector's action can be changed by selecting the materials of the first and second layers. And the more the potential of the second layer (internal protector) is negative, the more efficient the protector is.
When choosing a material for the protector, besides electrochemical properties it is necessary to take into account mechanical, technological properties, as well as economic feasibility.
The obtained equation contains parameters that cannot be determined experimentally, but allows explaining the observed regularity of the corrosion behavior of a three-layer material at a qualitative level [17, 18, 19] .
The concentration of depolarizer in the pitting pore decreases with time, and the electrolyte conductivity also decreases, thus reducing the area of the protected surface.
The pit can be filled with the products of the protector's dissolution; as a result, the action of short-circuited galvanic element ceases. New pitting centers are formed on the external layer's surface.
The compromise potential is determined by the limiting stage running on the cathode or anode [20] . Determination of the corrosion products' composition allows establishing the mechanism and sequence of the corrosion destruction of the layers.
The existing methods of accelerated tests, based on the control of the sample's weight loss and pitting depth [3, 4, 5] , do not provide accurate forecast of this integral materials' behavior, which requires for new approaches.
Experimental
The principle of sacrificial protection against pitting was studied on a three-layer material composed of 08X18H10T (AISI 321 analog) þ steel 10 (ASTM 1010 analog) þ 08X18H10T, obtained by the explosion welding technology. The composition of steels and their analogs is indicated in Table 1 [21, 22, 23, 24, 25] .
Explosion welding is widely used for joining layers of a large area of a wide range of materials [26] .
A qualitative assessment of the stated principle's effectiveness was carried out on the samples cut from sheet material with an area of 9.0 m 2 (sample dimensions were 100 Â 200 mm, layers thickness was 2.0 mm). The samples were exposed to a solution of iron (III) chloride (density 1.049 AE 0.002 g/cm 3 ) at a temperature
The electron microscope studies were carried out using a FEI HELIOS NANO-LAB 660 double-beam scanning electron microscope equipped with an attachment for the energy-dispersive micro-X-ray spectral analysis EDAX. To study the mechanism and sequence of the corrosion damage, a micro-X-ray spectral analysis of the corrosion products was performed at particular spots of the section. Fig. 4 shows the section of the first and second layers. The elemental composition at the spots is given in Table 2 .
The electrochemical method was used in order to determine the corrosion rate for two metals contacting in corrosive medium. The proposed method is based on a graphical analysis of the electrochemical corrosion rate and involves measurement of the corrosion current density of the contacting metals in a multilayer material with internal protector [27] . The polarization curves are plotted experimentally with the subsequent determination of the mass corrosion index of the layers' components.
The samples are placed in a temperature controlled electrochemical cell with the reference solution (Fig. 5) , the electrode potentials are measured in the absence of current in the circuit and at various resistances in the range of 1e100,000 U. The minimum resistance is determined by the current of the corrosion element.
On the basis of the obtained electrode potentials and resistance, the corrosion current (I) was calculated and corrosion curve E she ¼ f (I) was plotted. E she is the metal potential with regard to the standard hydrogen electrode.
The experimental procedure was performed on the metal plates with the surface area of 2.00 AE 0.05 cm 2 , made of sheet rolled initial steel 08X18H10T and steel 10. The plates were partially isolated along the length with a heat shrink tube in order to provide the required surface area of the electrode and prevent any contact of the metal surface with the "solutioneair" phase interface.
With the tumbler deactivated, the electrode potentials were measured without current in the circuit (stationary potential E st ), which then were recalculated with regard to the standard hydrogen electrode E she . Using the bank of resistors 10, the required electric resistance was adjusted. After closing the circuit by the tumbler 5, the voltage drop on the calibrated resistor 8 was measured by the millivoltmeter 9.
The obtained voltage was used for calculation of the current in the circuit. 1 e external layer, 2 e internal protector, 3 e third layer, 4 and 5 e interlayer boundaries, 6 e lens. Fig. 6 illustrates the corrosion diagram for the galvanic pair 08X18H10T e steel 10. As a testing medium the iron (III) chloride solution was used (density 1.049 AE 0.002 g/cm 3 ).
The chemical method was applied to determine the corrosion rate for each layer of the multilayer material. The proposed method based on the use of the demountable type samples [28] consists in determining the mass corrosion index of each plate imitating layers of a multilayer material with internal protector.
The objects of the tests were the following:
1) demountable multilayer metallic materials with internal protector where the first and third layers were made of high alloy steel 08X18H10T, and the internal second layer e of low carbon steel 10; Fig. 4 . Section of the first and second layers, for which the distribution of the corrosion products' elemental composition at the spots was defined. 2) reference samples e plates representing separate layers of the multilayer material and made of high alloy steel 08X18H10T and low carbon steel 10.
Each demountable sample represented a bolted connection of three plates with the sizes of 80 Â 80 mm and thickness from 1.5 to 2.5 mm (Fig. 7) . The plates were fabricated of rolled sheets.
In The plates were weighed with the accuracy of 0.0001 g. The plates were combined into a pack, the gaps between the plates around the central hole were sealed. Glass funnels with the diameter of 36 mm were installed via inert separators on the high alloy steel plates of each pack above the artificial pitting. The funnel was additionally fixed with the brackets (Fig. 7) and filled with the iron (III) chloride solution.
The testing time was 720 and 2,208 h, the solution was replaced every 168 AE 2 h without detaching the samples and removing the corrosion products.
After completion of each stage the packs were disassembled, washed with water, and dried, occurrence of pitting was examined visually.
Mass corrosion indices K
À m (g/m 2 $h) were calculated on the basis of the measurements for the upper, middle and bottom plates according to the equation:
m 01 , m 02 , m 03 , m 11 , m 12 , m 13 are the masses of plates in three parallel samples before and after testing, respectively, (g); t is the exposure time (h); S 1 , S 2 , S 3 are the cumulative areas of the plates for three parallel samples in contact with the corrosive medium (m 2 ).
The reference samples were tested under the same conditions and the same exposure time as the three-layer samples, including the replacement of the solution. After the completion of each testing stage of the reference samples, the occurrence of pitting was visually examined on the high alloy steel plates, and then they were weighed. The mass corrosion indices of the reference samples made of low carbon and high alloy steels (Kref À m ) were calculated by Eq. (5) using the mass determination data.
On the basis of experimental results, the mass corrosion index was plotted as a function of the lens diameter for each plate of the three-layer sample (Fig. 8) .
Discussion
Electron microscope studies reveal the mechanism of corrosion processes and prove the protector's effectiveness.
According to Fig. 2 , anodic dissolution in the protector formed a cavity with crosssectional dimensions up to 5.0 mm. The dissolution boundary passed along the wave surface of the weld, at the point of contact of the first layer with the protector. The formation of the wave surface is characteristic of explosion welding. In the first layer, a pitting with a diameter of 1.5 mm was formed under the influence of aggressive medium.
This indicates that at the initial stage the corrosion damage of the outer layer is analogous to that of a monometallic material when exposed to aggressive medium.
Numerous pittings are formed on the surface.
When the deepest pitting reaches the second layer, the electrochemical interaction of the two layers with the aggressive medium begins, which changes the character of the corrosive destruction. Anodic dissolution of the protector proceeds more intensively at these contact points, forming lenses up to 5 mm in diameter. When the third layer is reached, anodic dissolution of the protector develops in the transverse direction (Fig. 3 ). Table 2 , at the stage of the pitting initiation and development in the external layer and dissolution of the protector, a large number of oxo-hydroxo compounds of iron, chromium and nickel are formed, which is confirmed by the presence of oxygen at the spot 1 (Fig. 4) . At the spots 2, 3 and 4, the presence of oxygen is due to the formation of poorly soluble oxygen-containing corrosion products. The presence of chlorine at these spots confirms the formation of metal hydroxochlorides. The reduction of iron content at all spots is due to its dissolution in the corrosive medium. On the pitting and lens' surfaces, the carbon content is manifold higher than the initial values of Table 1 , which, apparently, is due to the lack of solubility of carbon in the test solution.
According to
Thus, this method provides a qualitative assessment of the corrosion processes occurring in a multilayer metallic material with internal protector, and confirms the mechanism of protector's action. Nevertheless, it does not allow quantifying the corrosion rate for the layers of a multilayer material under conditions of the through damage to the external layer.
The application of the electrochemical method made it possible to plot a corrosion diagram (Fig. 6 ).
As it follows from the diagram, with an open circuit, the potential difference between the electrodes made of steel 08X18O10T and steel 10 is about 500 mV. As the external resistance decreases, the current increases and the potentials shift. The change in the potential of 08X18O10T steel towards the negative values is about 330 mV, and of steel 10 towards the positive values is about 150 mV. The corrosion current I cor is 45 mA.
The processing of experimental data in order to calculate the degree of anodic, cathodic and ohmic control allows concluding that in the test solution the degree of cathodic control of the corrosion process is more than twice the total value of the degree of anodic and ohmic control. The cathodic process is the limiting one.
The results of calculations based on the equations recommended in [23] are given in Table 3 .
The developed method allows determining the absence of anodic passivation of the protector at the design stage of a multilayered material with internal protector, and substantiating the choice of layer materials experimentally.
The application of the chemical method makes it possible to determine experimentally the mass corrosion indices of each layer separately. As can be seen in Fig. 7a Degree of ohmic control C R 1.1 the protector decreases, this is stipulated by filling of the pitting pore and artificial lens with the products of the protector's dissolution, and by the decrease in the concentration of oxidizers in the lens.
The mass corrosion index of the third layer (Fig. 7c) At small diameters of the lens in the second layer, the values of the mass corrosion index of the first and third layers practically does not differ, i.e. the protector equally effectively protects them from corrosion.
As the lens diameter increases, the effectiveness of the protector for the first layer decreases, which is explained by the increase in the distance from the protector's wall to the outer surface of the first layer. And the mass corrosion index of the third layer decreases significantly, which is explained by the increasing role of the diffusion limitations of the process, the difficulty in delivering the dissolved oxygen, as well as by the increase in the protector's area.
2) The corrosion rate of the external layer of the multilayer material under the considered conditions is 58e66 times lower than that of the reference samples, thus proving the protector's effectiveness.
When compared to the monometallic material, corrosion failure of the multilayer metallic material in the presence of pitting in the outer layer proceeds in different concentration-diffusion conditions. As the internal layer-protector dissolves and the size of the lens grows, the thickness of the diffusion layer (the distance from the outer surface of the external layer to the wall of the protector) increases. The latter, as well as the formation of slightly soluble products resulting from the protector's dissolution, should obviously result in the retardation of the protector's dissolution and resumption of new pitting formation on the external layer.
3) The rate of the protector's anodic dissolution decreases with an increase in the artificial lens diameter.
The developed method allows determining the relative index of corrosion resistance of a multilayer material RI in comparison with a monometallic material in a specific corrosive medium. It is calculated as the ratio of the time required for the first layer's through destruction and the time required for the second layer material's destruction to the lens size, at which pitting begins in the third layer, to the time required for the monometallic material's through destruction upon equal thickness:
t 1 e time required for the first layer's through destruction, t 2 e time required for the second layer material's destruction to the lens size at which pitting starts in the third layer, t m e time required for the monometallic material's through destruction.
According to the data of [15] , the mass corrosion index of the material of the first Table 4 .
With these parameters, the dissolution time for the internal protector to the lens diameter of 20 mm t 2 is 5,654.0 h. The total dissolution time for the first and second layers (t 1 þt 2 ) is 5,785.8 h. Under the same conditions, the pitting growth time for the monomaterial (steel 08X18H10T) with a diameter of 1 mm and a depth of 4 mm t m is 263.6 h. Thus, the relative index of corrosion resistance of the multilayer material is RI ¼ 21.9.
Conclusions
The authors have proposed a set of methods for accelerated testing of a multilayer metallic material with internal protector, which allows confirming experimentally the effectiveness of the multilayer composite's architecture in general and of the protector in particular, and also predicting the material's durability under specific conditions.
Electron microscope examination of material, after exposure to corrosive environment, makes it possible to qualitatively assess the corrosion processes occurring in a multilayer metallic material with internal protector, and confirm the mechanism of the protector's action. However, this method does not make it impossible to quantitatively estimate the rate of the layers' destruction in case of the through damage to the outer layer. 
